Despite their close phylogenetic relationship, natural intertypic reassortants between influenza A (FluA) and B (FluB) viruses have not been described. Inefficient polymerase assembly of the three polymerase subunits may contribute to this incompatibility, especially because the known protein-protein interaction domains, including the PA-binding domain of PB1, are highly conserved for each virus type. Here we show that substitution of the FluA PA-binding domain (PB1-A 1-25 ) with that of FluB (PB1-B 1-25 ) is accompanied by reduced polymerase activity and viral growth of FluA. Consistent with these findings, surface plasmon resonance spectroscopy measurements revealed that PA of FluA exhibits impaired affinity to biotinylated PB1-B 1-25 peptides. PA of FluB showed no detectable affinity to biotinylated PB1-A 1-25 peptides. Consequently, FluB PB1 harboring the PA-binding domain of FluA (PB1-AB) failed to assemble with PA and PB2 into an active polymerase complex. To regain functionality, we used a single amino acid substitution (T6Y) known to confer binding to PA of both virus types, which restored polymerase complex formation but surprisingly not polymerase activity for FluB. Taken together, our results demonstrate that the conserved virus type-specific PA-binding domains differ in their affinity to PA and thus might contribute to intertypic exclusion of reassortants between FluA and FluB viruses.
Influenza A and B viruses are closely related RNA viruses that cause respiratory disease. Although influenza A viruses (FluA) infect both humans and a broad variety of animals, influenza B viruses (FluB) are predominantly restricted to humans (1) . Both viruses co-circulate in the human population and cause significant morbidity and mortality. Although FluB viruses usually show a lower prevalence of human infections, in some influenza seasons, they account for the majority of cases (1) (2) (3) (4) .
Correct assembly of the heterotrimeric polymerase complex consisting of the subunits PA, PB1, and PB2 is essential for transcription and replication of influenza viruses in the nucleus of infected cells. Direct biochemical interactions have been shown for PB1 and PB2 as well as for PA and PB1 (5) (6) (7) (8) (9) , whereas a weak transient interaction has been proposed for PA and PB2 (10) . For FluA, it was demonstrated that PB1 possesses the RNA polymerization activity, whereas PB2 is able to bind specifically to host-derived capped mRNA, which is subsequently cleaved off by the PA endonuclease (11) (12) (13) . It is assumed that the polymerase subunits of FluA and FluB share similar if not identical functions.
Despite their close phylogenetic relationship, intertypic reassortants between FluA and FluB viruses have not been described (14 -16) . The reasons for this are not fully understood. There is evidence for a preferential virus type-specific recognition of viral promoter regions, which might contribute to the lack of such reassortants due to growth disadvantages (17, 18) . This impairment in viral growth was first observed with a FluA chimera containing a neuraminidase gene harboring FluB 5Ј-and 3Ј-non-coding regions (18) . In addition, combinations of FluA and FluB polymerase subunits fail to support polymerase activity (19 -21) . This could be caused by an incompatibility of the enzymatic functions of the heterologous polymerase subunits. Additionally, assembly of the heterotrimeric polymerase complex could be prevented by type-specific protein-protein interaction domains including the well characterized PA-binding domain of PB1 (5, 6, 22) . A 3 10 -helix within the N-terminal 25 amino acids of PB1 (PB1 ) is critical for binding of the virus polymerase subunits PB1 to PA (23, 24) . This domain is highly conserved in a virus type-specific manner (see Fig. 1A ) (22) . In addition, these subtype-specific differences correlate with the observations that FluA and FluB PA-binding peptides bind efficiently to the homologous but not to the heterologous PA subunit (22) . Accordingly, peptides derived from the first 25 amino acids of FluA PB1 are able to inhibit the polymerase activity of FluA but not FluB and vice versa (22) . We could recently show that the virus type-specific affinity of the FluA PA-binding peptide can be converted into a dual binding affinity by a single FluB-specific substitution of threonine to tyrosine at amino acid position 6 (22) . This peptide binds to PA of both virus types and exhibits antiviral activity against FluA and FluB. However, the effect of this single aa 3 
EXPERIMENTAL PROCEDURES
Plasmids-To obtain the pHW2000 vector containing segment 2 coding for the various PB1 chimeras, QuikChange site-directed mutagenesis (Stratagene) was carried out on pHW2000-PB1-Lee or pHW2000-PB1-SC35M, respectively (25, 26) , resulting in plasmids pHW2000-PB1-AT6Y, pHW2000-PB1-AB, pHW2000-PB1-AT6YB, and pHW2000-PB1-BA. The expression plasmids pCAGGs-PA-A/B-HIS and pCAGGs-PB1-A/B-HA were described elsewhere (22) . Plasmids pCAGGs-PB1-BA-HA, -PB1-AT6YB-HA, and -PB1-AT6Y-HA were created by assembly PCR from the respective FluA SC35M and FluB Lee genes, cloned into the EcoRI/XmaI sites (for constructs based on the C-terminal open reading frame of FluA) or NotI/XmaI (FluB) opened pCAGGs vector containing an HA tag after the XmaI site. In analogy, pCAGGs-PB2-A-FLAG was obtained by inserting the PB2 open reading frame of SC35M into an EcoRI/XmaI opened FLAG tag-harboring pCAGGs plasmid.
To obtain chimera expression plasmids, which were tested in minireplicon assays (see Fig. 5 ), an EcoRI/EcoRV fragment of pCAGGs-PB1-AT6YB was subcloned into a pBS-KSII(ϩ) vector, where QuikChange site-directed mutagenesis was performed. After PCR, the mutated sequence was reintroduced by cloning the respective mutated EcoRI/EcoRV fragment back into the pCAGGs background. All expression plasmids were sequenced to guarantee correctness of the used constructs.
Cells and Viruses-293T and MDCK II cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 2 mM L-glutamine, and antibiotics. All cells were maintained at 37°C and 5% CO 2 . Infection experiments were carried out using recombinant A/SC35M (H7N7) and B/Lee/40 and the indicated mutant viruses A/SC35M-PB1-AT6Y, A/SC35M-PB1-BA, and B/Lee/40-PB1-AT6Y B. The recombinant WT influenza B/Lee/40 and SC35M have been described elsewhere (25, 26) .
Yeast Saccharomyces cerevisiae 214⌬pep4 MATa (ura3 leu2 his3 ⌬pep4) was used for the expression of PA proteins. Transformation and subsequent selection were carried out as described (27) . For protein expression, yeast cells were inoculated into selective YEPD and grown for 24 h at 28°C; thereafter yeast cells were reinoculated into YEPG induction medium and cultured further for 24 h at 28°C.
Virus Infections and Growth Assays-MDCK II cells were infected at a multiplicity of infection (m.o.i.) of 0.001 at 37°C for A/SC35M, A/SC35M-PB1 AT6Y, and A/SC35M PB1-BA and at 33°C for B/Lee/40 and B/Lee/40-PB1-AT6YB. Virus titers were determined at the indicated time points by plaque assay for SC35M and expressed as plaque-forming units/ml. FluB/Lee/40 virus titers were determined by indirect immunofluorescence staining and were expressed as fluorescenceforming units/ml as described elsewhere (25) .
Purification of Recombinant PAs-To prevent proteolysis, all manipulations were carried out at 4°C. Yeast cells were harvested by centrifugation at 800 ϫ g for 5 min and resuspended in disruption buffer (20 mM Na 2 HPO 4 , pH 8.0, 300 mM NaCl, 20 mM imidazole, 10% isopropyl alcohol, 2 mM phenylmethylsulfonyl fluoride). Complete protease inhibitor mixture tablets (Roche Applied Science) were added to the disruption buffer (1 tablet/20 g of wet yeast biomass). Cells were cyclically disrupted after mixing 12 times with glass beads (Sigma) in a blender at 3,000 rpm for 12 min. After centrifugation at 3,500 ϫ g for 10 min, PA proteins containing supernatant were filtered through a 0.45-m membrane (Millipore), mixed with nickel-nitrilotriacetic acid agarose (Qiagen), which was previously equilibrated in binding buffer (20 mM Na 2 HPO 4 , pH 8.0, 300 mM NaCl, 20 mM imidazole), and incubated for 40 min in batch mode. Thereafter the resin was loaded into the column and washed with 5 column volumes of binding buffer, with 5 column volumes of first wash solution 1 (20 mM Na 2 HPO 4 , pH 7.4, 500 mM NaCl, 20 mM imidazole, 2% Tween 20, 1% glycerol), and finally with 5 column volumes of second wash solution 2 (20 mM Na 2 HPO 4 , pH 7.4, 300 mM NaCl, 20 mM imidazole). Recombinant PAs were eluted with elution buffer (20 mM Na 2 HPO 4 , pH 7.4, 300 mM NaCl, and 250 mM imidazole) in a one-step gradient. Highest PA concentrations containing fractions were pooled, and imidazole was removed during a desalting step using Millipore ultrafiltration device.
Surface Plasmon Resonance Analysis-All interaction studies were performed in real time with a Biacore 3000 system (GE Healthcare). The experiments were done at 25°C at a flow rate of 30 l min Ϫ1 in Tris-based buffer (25 mM Tris, pH 7.4, 150 mM NaCl, 0.01% surfactant). Peptides containing the N-terminal 25 amino acids of PB1 and a C-terminally fused biotin tag were immobilized on a streptavidin chip. A scrambled control peptide was used (which contained the same amino acids as PB1 but in a random order) (22) . Association (1 min) of the purified, recombinant PA proteins was followed by a 2-min dissociation phase during which the used buffer was perfused. For analysis of the affinity constants, various concentrations of the analyte were injected. To regenerate the chip, the bound protein was removed by a 10-s pulse of 50 mM NaOH. The obtained data were analyzed with the BIAevaluation 3.1 evaluation software using the 1:1 Langmuir binding model for calculation of association and dissociation rate constants (K on and K off ) and the dissociation equilibrium constants (
Co-immunoprecipitation and Immunoblot Analysis-293T cells were transfected with the indicated plasmids in 6-well plates using METAFECTENE (Biontex, Martinsried, Germany). Cells were incubated 24 h after transfection with lysis buffer (20 mM Tris, pH 7.5, 100 mM NaCl, 0.5 mM EDTA, 0.5% Nonidet P-40, 1% protease inhibitor mix G (Serva, Heidelberg, Germany), 1 mM dithiothreitol) for 15 min on ice. After centrifugation by 13,000 rpm at 4°C, supernatant was incubated with anti-HA-specific (Sigma) or FLAG M2-specific antibodies (Sigma) coupled to agarose beads, respectively, for 1 h at 4°C. After three washes with 1 ml of washing buffer (lysis buffer without protease inhibitor mix), bound material was eluted under denaturing conditions, separated on SDS-PAGE gels, and transferred to polyvinylidene difluoride membranes. Viral polymerase subunits were detected with antibodies directed against the HA (Covance, Berkeley, CA), His (Qiagen) ,or FLAG tag (Sigma).
Reconstitution of the Influenza Virus Polymerase ActivityThe experiments were essentially carried out as described (28) . Briefly, 293T cells were transiently transfected with a plasmid mixture containing either FluA or FluB PB1, PB2, or PA (45 ng of each) or NP expression plasmids (150 ng) and a polymerase I expression plasmid (25 ng) expressing an influenza virus-like RNA coding for the reporter protein firefly luciferase to monitor viral polymerase activity. Both minigenome RNAs were flanked by non-coding sequences of segment 8 of FluA and FluB, respectively. The transfection mixture also contained a plasmid constitutively expressing Renilla luciferase (20 ng), which served to normalize variation in transfection efficiency. For the determination of the FluB/Lee/40 polymerase activity, 293T cells were transfected with the Pol1/Pol2 expression plasmids coding for PB1, PA, PB2 (50 ng of each), and NP (100 ng) and pPol-B/NS-Luc (125 ng) encoding a firefly luciferase cDNA of negative polarity flanked by the non-coding regions of the viral NS segment. The constitutive expression vector pTK-RL (Promega) was used to normalize for transfection efficiency (5 ng).
Virus Rescue and Growth of Influenza A and B Viruses-For
FluA virus rescue, confluent 293T cells in six-well tissue culture plates were transfected with a mixture of the eight pHW2000 plasmids (300 ng of each), the four pCAGGS plasmids (150 ng of each) coding for PA, PB1, PB2, and NP, and Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Six hours later, the DNA transfection mixture was replaced by infection medium (Dulbecco's modified Eagle's medium ϩ 1% penicillin/streptomycin ϩ 0.2% bovine serum albumin ϩ 1% glutamine). Two days after transfection, 200 l of the supernatant was added to confluent MDCK II cells. Rescued viruses were plaque-purified, and MDCK II cells were infected for propagation of stock virus. The influenza B mutant virus B/Lee PB1-A6YT-B was generated by transfecting 293T cells with a pHW2000-based plasmid as described elsewhere (29) . At 72 h after transfection, the supernatant was inoculated into the allantoic cavities of 10-day-old embryonated chicken eggs, and stock of recombinant virus was grown for 3 days at 33°C (29) . The presence of the introduced mutations within the PB1 sequence was confirmed by cycle sequencing of amplified reverse transcription-PCR product.
Primer Extension Analysis-Cells were infected with SC35M at an m.o.i. of 2 and harvested 6 h after infection. Total RNA was isolated using TRIzol reagent (Invitrogen). After spectrophotometric quantification and normalization, RNA primer extensions were carried out as described previously (30 -32) , with minor modifications. Briefly, 2 pmol of DNA primer was 5Ј-end labeled with [ 32 P]ATP using T4 polynucleotide kinase, and it was mixed with 1 g of total RNA in 6 l of water and denatured at 95°C for 3 min. The mixture was then cooled on ice, and reverse transcriptase SuperScript II (Invitrogen) and its reaction buffer were added. Primer extensions were performed at 45°C for 1 h. The NP and NA primers described in Ref. 33 were used. Transcription products were analyzed on 6% polyacrylamide gels containing 7 M urea in Tris-borate-EDTA buffer and detected by autoradiography. Transcription products were quantified using Fuji MacBas v2.2 software.
qPCR Analysis of Packaged vRNAs-To analyze packaged vRNAs, virus stocks were prepared and adjusted to equal HA titers. Viral RNA was isolated using the QiaAMP viral RNA mini kit (Qiagen) and reverse transcribed (QuantiTect reverse transcription kit (Qiagen)), and reverse transcriptase products were used for quantitative PCR analysis. Separate PCRs were carried out with segment-specific primers and probes (supplemental Table S1 ) by use of a LightCycler 1.5 (Roche Applied Science) using a QuantiFast probe kit (Qiagen).
Relative concentrations of vRNA were determined by analysis of cycle threshold values, normalizing for the total vRNA amount by equalizing the levels of NS vRNA and then calculating the percentage of incorporation relative to the levels of WT RNA packaging. Results are presented as the average incorporations of vRNA Ϯ S.D., with results derived from two independent virus stocks.
RESULTS

The PA-binding Domains of PB1 from FluA and FluB Show Limited Compatibility due to a Different Binding Affinity Profile-
To test whether the PA-binding domains of PB1 are exchangeable between FluA and FluB, we generated PB1 chimeras using the strains A/SC35M and B/Yamagata/73. The chimeras contained the PA-binding domain from one virus type and the rest of the protein from the other virus type, designated PB1-AB and PB1-BA (Fig. 1A) . Co-immunoprecipitation studies using cell extracts of transiently transfected 293T cells revealed efficient dimer formation between PB1-AB and FluA PA (PA-A) as well as between PB1-BA and FluB PA (PA-B) (Fig. 1B) , confirming that PB1 1-25 mediates type-specific binding to PA (22) . However, neither PB1-BA nor PB1-AB bound to PA-A or PA-B, respectively (Fig. 1B, lanes 2 and 5) , indicating that the PAbinding domains are not mutually exchangeable without significant loss of dimer formation.
Surprisingly, despite inefficient dimer formation, PB1-BA retained 70% of its polymerase activity in a FluA minireplicon system, which is the reconstitution of the viral ribonucleoprotein complex and a reporter gene in human cells (Fig. 1C) . In contrast, PB1-AB was inactive. This correlated with the ability of PB1-BA to form a trimeric polymerase complex, whereas PB1-AB failed to associate with PA-A and PB2-A (Fig. 1D, lanes  2 and 3) , indicating an incompatibility of PB2-A and PB1-AB. Lack of trimer formation was accompanied by reduced levels of PB2-A (Fig. 1D, lanes 3 and 4, and data not shown), which is most likely the result of enhanced degradation of unbound PB2-A.
In contrast to the FluA polymerase activity observed with PB1-BA, the PB1-AB chimera exhibited no detectable FluB polymerase activity, (Fig. 1E) , which is reflected by the inability of this chimera to assemble with PA-B and PB2-B into a polymerase complex (Fig. 1F) . In conclusion, trimer formation was -758) , respectively. B, dimer formation by FluA PA and the indicated PB1 chimeras. Human 293T cells were transiently transfected with His-tagged PA (PA-His) and HA-tagged PB1 chimeras (PB1-HA) and subjected to co-immunoprecipitations (IP) using HA-specific antibodies. Precipitated polymerase subunits were identified by Western blot analysis using specific antibodies against the HA and His tag. CE, cell extract. C, determination of the FluA polymerase activity of the PB1 chimeras. The activity observed with PB1-A was set to 100%. The omission of PB1 (no PB1) in the transfection mixture served as a negative control. D, trimer formation of FluA polymerase complex in the presence of the indicated PB1 chimeras. 293T cells were transiently transfected with His-tagged PA (PA-His), HA-tagged PB1 chimeras and FLAG-tagged PB2 (PB2-flag), and subjected to co-immunoprecipitations using FLAG-specific antibodies. E, determination of the FluB polymerase activity of the PB1 chimeras. The experiments were essentially carried out as described in C using FluB polymerase subunits and a FluB-specific reporter construct expressing Renilla luciferase. Error bars in C and E indicate S.D. F, trimer formation of the FluB polymerase complex in the presence of the indicated PB1 chimeras was essentially carried out as described in D using FluB-specific subunits.
a prerequisite for polymerase function, whereas efficient dimer formation between PA and PB1 was not required.
Because PB1-BA supported FluA polymerase activity despite inefficient dimer formation with PA-A in our co-immunoprecipitation experiments, we used surface plasmon resonance spectroscopy (SPR) to gain further insight into the nature of the PB1-PA binding characteristics. On/off rates and dissociation constants (K D ) between C-terminally biotinylated peptides comprising the PA-binding domain of either FluA PB1 (PB1-A 1-25 ) or FluB PB1 (PB1-B 1-25 ) and purified His-tagged PA of both virus types were determined ( Fig. 2A.) . The SPR measurements for FluA PA revealed K D values of 83.6 nM for the interaction with PB1-A 1-25 and 415 nM with PB1-B (Fig. 2B) . The 5-fold difference in the K D values is mainly caused by a higher off rate of PA-A from PB1-B (Fig. 2B ). An even higher K D of 1,000 nM was determined for the binding between PA-B and PB1-B . Consistent with the lack of trimer formation, no specific binding of PB1-A 1-25 to PA-B was detectable.
In summary, despite the inability of PB1-BA to form a stable dimer with PA-A, there apparently exists sufficient affinity of PB1-B 1-25 to PA-A to allow stable trimeric complex formation and polymerase activity. Furthermore, the lack of any detectable binding between PB1-A 1-25 to PA-B is consistent with the inability of PB1-AB to assemble into a functional FluB polymerase complex.
The Dual PA-binding Domain Supports Polymerase Activity in FluA but Not in FluB despite Efficient Trimeric Polymerase
Complex Formation-We recently showed that a FluA-derived peptide, designated PB1 1-25,T6Y , with a single aa substitution T6Y, efficiently binds to PA of various FluA and FluB strains (22) . We therefore reasoned that this PA-binding domain introduced into full-length PB1-A (PB1-A T6Y ) and PB1-B (PB1-A T6Y B) (Fig. 3A) should result in the formation of an active polymerase complex in both virus types. When tested for dimer formation, both chimeras, PB1-A T6Y and PB1-A T6Y B, efficiently co-immunoprecipitated PA of both FluA and of FluB (Fig. 3B) , confirming the dual binding activity of PB1 A T6Y in the context of a full-length PB1 protein.
In the minireplicon assay, PB1-A T6Y supported FluA polymerase activity, although with reduced efficiency as compared with PB1-A (Fig. 3C ), which correlated with trimeric polymerase formation (Fig. 3D, lane 4) . However, PB1-A T6Y B only showed polymerase activity below 1% as compared with PB1-B in the FluB replicon assay (Fig. 3E) . Intriguingly, despite the lack of polymerase activity of PB1-A T6Y B, polymerase complex assembly with PA-B and PB2-B was not affected (Fig. 3F, lane 3) .
Our co-immunoprecipitation studies did not reveal differences in the ability of PB1-A T6Y and PB1-A T6Y B to assemble into trimeric FluA and FluB polymerase complexes, respectively. However, the polymerase activity was negatively affected in both cases and may correlate with altered PA binding affinities. Determination of the binding kinetics by SPR revealed a higher K D value for the interaction of PA-B to PB1-A 1-25,T6Y as compared with PB1-B (Fig. 2B) . In contrast, as compared with PB1-A 1-25 , we determined a 22-fold lower K D for the interaction between PA-A and PB1-A 1-25T6Y . Overall, these results indicate that decreased as well as increased PA binding affinities prevent optimal polymerase activity.
To evaluate the impact of the PB1 chimeras in the context of recombinant viruses, we rescued FluA (A/SC35M) coding for PB1-BAor PB1-A T6Y and FluB (B/Lee/40) coding for PB1-ABor PB1-A T6Y B. Determination of the polymerase activity with PB1-A T6Y B in the B/Lee/40 background revealed similarly reduced polymerase activity of less than 3% of wild-type activity (supplemental Fig. 1S ). With the exception of the FluB mutant expressing PB1-AB, all viruses could be rescued (Fig. 4) . As compared with WT virus, A/SC35M-PB1-BA showed an impaired growth on MDCK II cells of 2 log 10 24 h after infection with an m.o.i. of 0.001 and did not reach WT levels at later time points. SC35M-PB1-A T6Y replicated ϳ20-fold less efficiently at early time points after infection but reached WT levels after 24 h (Fig. 4A) . In contrast, B/Lee/40 PB1-A T6Y B was severely attenuated by almost 5 log 10 (Fig. 4B) . Overall, the extent of reduced viral growth caused by the PB1 chimeras is comparable with the reduced polymerase activity measured in the minireplicon.
The nucleotide changes in the PB1 gene of the FluA mutant viruses coding for the PA-binding region overlap with known genome packaging signals (34) . To evaluate whether genome packaging is affected, we determined the ratios of the NS, PA, and PB1 genomes in stock viruses by quantitative reverse transcription-PCR and normalization for the total vRNA amount by equalization of the level of NS vRNA. This analysis revealed no significant difference in the ratios of these incorporated genome segments between WT and A/SC35M PB1-A T6Y (supplemental Fig. 2S ), indicating that packaging is not responsible for the attenuation of this virus. However, levels of PA and PB1 were decreased in virus particles of A/SC35M PB1-BA by 38 and 75%, which suggests that inefficient packaging of viral genomes also contributed to the impaired viral growth of this mutant virus.
To analyze whether viral transcription or replication or both are affected in cells infected with the FluA mutants, we compared the ratios of viral RNA transcripts (vRNAs, cRNA, and mRNA). For this purpose, MDCK cells were infected with either WT or mutant FluA viruses with an m.o.i. of 2 for 6 h, and total RNA was prepared and subjected to primer extension analysis. The ratios between viral transcripts in either WT or mutant virus in infected cells were comparable, although the overall levels of viral transcripts were slightly lower in cells infected with the FluA mutants (supplemental Fig. 3S ). Taken together, these results indicate that the polymerase of both mutant viruses causes a general decline of all viral transcripts.
The Majority of the Conserved Amino Acids of the FluB PAbinding Domain Are Required to Support FluB Polymerase
Activity-PB1-A T6Y B possessed strongly diminished polymerase activity in the FluB minireplicon (Fig. 3E) , indicating that further FluB-specific amino acids are required to restore WT polymerase activity. The crystal structure of FluA PB1 (aa 1-16) and the C-terminal part of PA (PDB ID: 2ZNL) revealed that a 3 10 -helix comprising aa 5-11 (PTLLFLK, Fig. 5A ) is critical for 26 -753) . B, dimer formation of FluA and FluB (PA-His) and the indicated HA-tagged PB1 chimera. IP, immunoprecipitations; CE, cell extract. C, determination of the FluA polymerase activity of the indicated PB1 chimeras was carried out as described in the legend for Fig. 1E . D, trimer formation of FluB polymerase complex in the presence of the indicated PB1 chimeras as in Fig. 1D . E, determination of the FluA polymerase activity of the PB1 chimeras. The experiments were essentially carried out as described in the legend for Fig. 1C . Error bars in C and E indicate S.D. F, trimer formation of the FluA polymerase complex in the presence of the indicated PB1 chimeras was essentially carried out as described in D using FluB-specific subunits.
binding to PA (23, 24) . To restore PB1-A T6Y B to near WT activity, aa 7, 10, and 11 in this helix were therefore substituted with FluB-specific aa (Fig. 5A ). This chimera, designated PB1-A T6Y,L7F,L10I,K11D B, was 33-fold more active than PB1-A T6Y B; however, as compared with WT PB1-B, the polymerase activity was still below 2% (Fig. 5B ). An additional substitution of aa 14 (PB1-A T6Y,L7F,L10I,K11D,A14I B) further enhanced the activity to 7%. In contrast, the PB1 chimera harboring the FluBspecific aa of the core-binding region and aa 14 and 16 (PB1-A T6Y,L7F,L10I,K11D,A14,N16A B) showed activity above 70% (Fig.  5B) . Thus, although the FluA polymerase complex tolerated up to 9 FluB-specific aa in the PA-binding domain, the FluB polymerase complex appears to tolerate only 3 FluA-specific aa in the same domain. This highlights the difference in tolerance of amino acid substitutions between FluA and FluB polymerases.
DISCUSSION
We recently showed that peptides derived from the PA-binding domains of FluA or FluB block the viral polymerase activity in a virus type-specific manner (22, 28) . Accordingly, enzymelinked immunosorbent assay-based binding assays revealed that these peptides only bind efficiently to the subtype-specific PA (22) . Based on these results, we hypothesized that intertypic exchange of this binding site between FluA and FluB would not lead to a functional trimeric polymerase complex.
Here we show that substitution of the PA-binding domains causes impaired polymerase activity and viral growth. Complete loss of PA binding affinity as measured by SPR for PAbinding domain of PB1-A, and its failure to bind to PA-B prevents trimeric polymerase complex formation and the generation of viable FluB viruses harboring this domain. Surprisingly, although the FluB PB1 chimera harboring the dual PA-binding domain assembled efficiently with FluB PB2 and PA into trimeric polymerase complexes, only residual polymerase activity was observed. In line with these observations, FluB viruses expressing this PB1 chimera showed severely reduced viral growth. Vice versa, the PA-binding domain of FluB PB1 is able to bind to FluA PA, although with reduced affinity, resulting in reduced polymerase activity and viral growth.
We assume that impaired viral growth of the FluA mutant viruses coding for the PB1-BA is also caused by impaired genome packaging because we observed reduced levels of viral polymerase gene segments in virus preparations. Although little is known about packaging signals of FluB viruses, we speculate that this also applies for the FluB mutant virus studied in this work.
It was shown that a deletion of the PA-binding domain of PB1 prevents dimer formation with PA (5). However, although dimer formation between PB1-BA and FluA PA was also negatively affected, formation of the trimeric polymerase complex was not impaired. We therefore suggest that the addition of PB2, which weakly interacts with PA (10), compensates for the strongly diminished PA binding affinity of PB1-B and is sufficient to promote trimer assembly and polymerase activity. On the other hand, the PB1 chimera PB1-AB harboring the PA-binding domain of FluA forms a complex with PA-A, but further assembly into trimers is very inefficient. Thus, it seems likely that other protein interaction domains such as the PB1-PB2 interaction domain bind in a subtype-specific manner and might therefore additionally contribute to the incompatibility of the polymerase complexes between FluA and FluB. Indeed, the PB1-binding domain of PB2 appears to be conserved in a virus type-specific manner (data not shown). Furthermore, the contribution of C-terminal PB1 domains to PA binding has not been fully characterized.
The virus type-specific conservation of the PA-binding domain is most likely the consequence of an independent evolution of the FluA and FluB strains resulting in the fixation of subtype-specific aa and PA binding affinities. Because reassortment is essential for influenza virus subtypes to allow adaptation to new hosts (1), there is most likely a selection against unfavorable PA binding affinities that would result in impaired polymerase activity.
Several lines of evidence suggest that only within a certain range of PA binding affinities, efficient polymerase activity and viral growth are achieved, and that this optimal range differs between FluA and FluB (Fig. 6) . First, we could show that the FluA and FluB PB1 N termini have acquired substantially different PA binding affinities, resulting in a 10-fold lower affinity between PA and PB1 1-25 of FluB and FluA, respectively (Fig. 2) . Secondly, we provide evidence that reduction in PA affinity results in impaired polymerase activity; PB1-BA showed 30% impairment in a FluA polymerase assay, and the activity of PB1-A T6Y B was even below 1% of WT FluB polymerase activity. The pronounced inactivity of PB1-A T6Y B in the FluB minireplicon is most likely due to the very low affinity of the PA-binding domain (Fig. 6) . Thirdly, as exemplified by PB1-A T6Y , we could also show that enhanced PA binding affinities reduce the polymerase activity (Fig. 3) . Thus, variations from the optimal affinity are only partially tolerated (Fig. 6) . In general, FluB seems to be more affected by changes in PB1 due to the already lower affinity of the PA-binding domain of PB1-B. Whether increased PA binding affinities might also reduce polymerase activity of FluB as predicted in our model (Fig. 6 ) remains to be shown. As demonstrated earlier, substitutions with FluA-specific aa residues did not result in enhanced binding to FluB PA (22) .
This interdependence between efficient polymerase activity and optimal affinity to PA appears to be independent of the formation of the trimeric polymerase. PB1-A T6Y B efficiently assembled with PA-B and PB2-B in a co-immunoprecipitation experiment, albeit the polymerase activity of this complex was very low. Likewise, PB1-A T6Y assembled efficiently with PA-A and PB2-A but also revealed impaired polymerase activity as compared with WT PB1-A. It therefore seems possible that the interaction between PB1 and PA has to retain a certain degree of flexibility after formation of the trimeric complex. Indeed, extensive structural rearrangements occur after binding of the polymerase complex to the viral ribonucleoprotein (1, 35, 36 ).
Hence, it is possible that the PA-PB1 interaction has to be transiently released or requires a certain degree of flexibility during those rearrangements. Too low or too high PA binding affinities might therefore interfere with dynamic structural changes. In addition, further rearrangements of the viral polymerase complex during transcription and replication may require a transient release of protein-protein interactions within the trimeric polymerase complex, including the PA-binding domain of PB1.
In summary, our results indicate that the type-specific conservation of the PA-binding domains of PB1 resulted in a functional incompatibility that contributes to the exclusion of naturally occurring intertypic reassortants between FluA and FluB viruses. dashed lines) , optimal polymerase activity is ensured. However, FluA and FluB acquired substantially different PA binding affinities during independent evolution, resulting in a limited compatibility of the PA-binding domains between virus types. Lower, but also higher, PA binding affinities result in impaired polymerase activity as exemplified by the indicated PB1 mutants. The question mark indicates that FluB PB1 mutants that exhibit higher PA binding affinities and show impaired polymerase activity are not described yet. For further details, see under "Discussion."
